Abstract Purpose: Application of ultrasensitive diagnostics has shown that small numbers of p53 mutation-positive cells may signify the presence of residual tumor in histologically normal tissues after resection of squamous cell carcinomas arising in the head and neck area. To date, most studies in this area have focused on analysis of tissues at the mucosal aspect of the resection and highlighted the importance of molecular changes in the field with respect to the risk of recurrence. Experimental Design: In the present investigation, we analyzed normal tissues from mucosal and deep surgical margins, referred to as ''molecular margins,'' for the presence of the signature p53 mutation identified for each tumor. Results:The p53 mutation status of these carcinomas did not correlate with clinical or histopathologic variables, but these mutations provided an excellent target for ultrasensitive analysis of margin status. We found that 11of 16 (68%) of cases with histologically tumor-free (including 9 without dysplasia), but with p53 mutation-positive molecular margins, developed recurrence.The probability of developing local recurrence was significantly higher for the group with p53 mutation-positive margins when compared with the group with clear margins (P = 0.048) and more strongly associated with p53 mutation-positive deep molecular margins than mutation-positive mucosal molecular margins or positivity at both sites (P = 0.009). Conclusions: This shows that although persistent mucosal fields may contribute to recurrence, clonal p53 mutations in deep tissues are an important cause of treatment failure, and molecular margins from both sites should be analyzed in future prospective series.
There has been only a modest improvement in the survival of cases treated for head and neck carcinoma over the last 20 years, in part because obtaining clear resection margins is difficult. Local or locoregional recurrence remains the most important cause of treatment failure, and there is a wealth of evidence showing that the risk of recurrence is increased when the resection margins are close as judged by light microscopy (1, 2) . Based on this knowledge, the surgeon aims to resect a carcinoma with a 1-cm margin, but as margin retraction may be as high as 50% (3), the clearance as reported by the pathologist is often V5 mm.
Development of standardized criteria for reporting details of the pathologic assessment for head and neck carcinomas means that information about the closest mucosal and deep margins, for the sections examined by the pathologist, is now available. Having clear surgical margins is considered to be a good indicator of a favorable outcome. The United Kingdom guidelines designate a margin of >5 mm as being clear, 1 to 5 mm as close, and <1 mm as signifying likely incomplete excision (4) . However, it is well recognized that margins of z5 mm may not be clear when the pattern of invasion is unfavorable (5) . Anatomic constraints, together with the inherent difficulty in defining where the tumor margin lies by palpation, mean that many cases are resected with margins that are <5 mm (6) . The presence of dysplasia at the resection margins is also included in the pathologist's report and provides additional prognostic information about the risk of recurrence (7) or development of a second primary tumor (8) . The introduction of molecular analysis of surgical margins (9 -14) has shown that morphologic information frequently underestimates the extent of spread of carcinoma or precancerous field effects. Follow-up of these cases has shown that ''margins'' harboring p53 mutations may be responsible for local or regional recurrence when they are pronounced clear after light microscopy (9 -14) , indicating that molecular assessment can augment the information provided by light microscopy.
At present, most molecular analysis is based on finding the same signature p53 gene mutation in a carcinoma and the normal tissues that remain at the edges of the defect after surgery. The strength of this approach is that p53 gene mutations are the most frequently detected aberration associated with head and neck carcinomas (15) . However, although the presence of p53 mutations in the deep margins must signify carcinoma, if contamination has been avoided, the presence of the these mutations in mucosal margins may signify tumor, but these aberrations are also present in dysplasia and may be detected in oral mucosa that looks normal morphologically (10, 12, 16) .
The present study was designed to extend this method of assessment and investigate whether the reliability of this assay for identifying cases likely to develop recurrence can be improved by analyzing more deep margins in addition to samples taken from the mucosal edge of the defect. In this report, we refer to the tissues that are forwarded for molecular analysis as ''molecular margins.'' This is important as the term ''surgical margin'' frequently causes confusion as it may be wrongly assumed that the tissues examined are harvested from the edge of the resected carcinoma rather than the normal tissues that remain in the body after surgery. The picture has also become confused as margins taken from the excised surgical specimen have been included in some reports where molecular diagnostics have been applied (14) .
In recent years, most effort has focused on determining the contribution of cells harboring mutant p53 in mucosal margins. The present report reveals that it is residual cancer in deep tissues that has the most adverse effect on outcome and shows that relying on identifying p53 mutation-positive mucosal fields as an additional diagnostic tool underestimates the extent of the problem. Based on this knowledge, we recommend that deep molecular margins as well as tissue from the mucosal edges of the defect are analyzed in future prospective studies.
Materials and Methods
This study was approved by the Research Ethics Committees at Guy's and King's College Hospitals. Informed written consent was obtained from all participants. Immediately after tumor resection, the surgeon changed gloves and excised both mucosal and deep molecular margins from the tissues remaining at the edge of the defect using a new set of instruments. When the base of the resection was in continuity with the neck dissection and there were no true deep molecular margins, the tissues were excised from the lateral margins of the defect. On some occasions, T 1 lesions were deemed to be too small to support removal of part of the tumor for molecular analysis, as there was a risk that there might be no tumor in the tissue processed for light microscopy. In addition, mucosal margins could not be taken when excising tumors that extended onto or arose on the vermillion border of the lip, as it was felt that removal of additional tissue might compromise the surgical repair.
We aimed to collect four to six molecular margins for each squamous carcinoma with an equal number of mucosal and deep samples. Each margin was divided into two halves. One part was snap frozen in isopentane for molecular analysis and the other was fixed in formalin and processed into paraffin for light microscopy. The pathologist removed a portion of each tumor from the resection specimen that was snap frozen and stored at -80jC until nucleic acids were extracted. Fiftyeight cases, with molecular margins assessed as being tumor-free by the pathologist after examination of the part of each sample sent for light microscopy, were forwarded for molecular analysis. These cases were followed for a minimum of 24 months to assess the effect of molecular detection of residual tumor on local recurrence (at the primary site) or locoregional recurrence (at the primary site and in the neck or in the neck only). Molecular analysis. DNA was prepared from the frozen portion of the tumor and the molecular margins using DNA STAT-60 (Biogenesis) and RNA was back extracted according to the manufacturer's instructions. p53 cDNA was then synthesized from RNA and analyzed for the presence of a mutation in exons 4 to 10 (10). The primers used for PCR were 4F-5 ¶-TGGAAACTACTTCCTGAAAAC-3 ¶, 6R-5 ¶-ACACATG-TAGTTGTAGTGGAT-3 ¶, 7F-5 ¶-GACAGAAACACTTTTCGACAT-3 ¶, and 10R-5 ¶-CAGCCAAAGAAGAAACCACTG-3 ¶.
Subsequently, exons harboring p53 gene mutations were amplified from genomic DNA for each molecular margin analyzed by PCR; products were cloned into a bacteriophage vector and amplified in Escherichia coli. Each sample was plated in duplicate or triplicate for filter hybridization with oligonucleotide probes specific for the mutation identified for each tumor and the matched wild-type p53 sequence. For each margin analyzed, between 2,000 and 5,000 clones (of which f25% contained a p53 DNA insert) were transferred to filters and each plaque assay included appropriate positive and negative controls. Hybridizations were carried out in Denhardt's buffer (5Â SSC, 5Â Denhardt's solution, 10Â SDS) beginning at 11jC below the melting temperature of each oligonucleotide. Washing steps were 5Â SSC at the hybridization temperature for 5 min followed by sequential washes, raising the temperature by 2jC in a stepwise manner until the negative control was clear as determined by phosphoimaging. The wash conditions were made more stringent by reducing the concentration of the SSC as appropriate. When examination of the filters indicated significant cross-hybridization between oligonucleotide probes recognizing mutant and wild-type p53 sequences, we incorporated mismatches into these probes to increase the specificity of the hybridization. The percentage of clonal (mutated) tumor cells in each sample was estimated by assuming that each cancer cell contained two copies of the mutant p53 allele and counting the number of plaques labeled with the mutant probe and dividing this by total number that hybridize with the wild-type (10) .
All p53 mutation-positive tests were validated by reamplifying the positive plaques and the test was repeated for cases scored as having <0.1% mutant p53 clones in a molecular margin with a new aliquot of gDNA and cDNA (prepared from the RNA that was back extracted during preparation of DNA). This step is considered to ensure that a tumor-positive result is not a false-positive test due to amplifying DNA from dead tumor cells. These stringent validation steps were also done for those cases, scored as having p53 mutations in molecular margins that did not develop locoregional recurrence during the study period.
Statistical analysis. Data were analyzed using either Stata Release 9.2 or StatXact 3. Significance was predetermined at a = 0.05. Exact nonparametric inference was used to allow for the small sample size. Single ordered data were analyzed using the Kruskal-Wallis test and double ordered using the Jonckheere-Terpstra test. The Kaplan-Meier test was used for survival analysis, and Sidak's test was used to evaluate multiple comparisons. Logistic regression, in conjunction with Bayesian information criterion, was used to select predictors for defined outcomes (17, 18) .
Results
Relationship between p53 mutation status and clinical and pathologic features. The clinical and pathologic features of 58 consecutive cases with tumor-free resection margins by light microscopy forwarded for analysis are shown in Table 1 . Thirtyone cases received postoperative radiotherapy, and the followup time for the study ranged from 5 to 62 months with the median being 26 months. All surviving cases were followed for at least 24 months. At the time of assessment, 26 cases had developed local or locoregional recurrence, and there were 2 distant recurrence and 2 second tumors (Table 1) . We searched for relationships between p53 status and clinicopathologic Research.
on July 14, 2017. © 2007 American Association for Cancer clincancerres.aacrjournals.org Downloaded from features, including the number of tumor-positive nodes, T or N stage, the presence of extracapsular spread, perineural or vascular invasion, pushing or invasive margins, tumor grade, the presence of dysplasia at the resection margins, and the clearance at the resection margins, but none was found. The only significant relationship was between morphologic variables in that infiltrative tumor margins were associated with neural invasion (P = 0.008).
Analysis of mucosal and deep molecular margins. Twenty-five p53 mutations could be used to develop plaque assays. The remaining five cases could not be interrogated using this method as it was not possible to design oligonucleotides that could reliably distinguish between the mutant and wild-type sequences. These mutations included two single base pair deletions (codons 326.2 and 376.2) and three point mutations (176.2 G-T, 240.2 G-A, and 175.1 G-A).
Forty mucosal and 46 deep molecular margins were analyzed for 25 cases and 16 (64%) showed p53 mutations in one or more margins examined after all validation steps were completed. Overall, we found that an assay yielding more than 2 of 1,000 positive plaques was always confirmed when the test was repeated with cDNA. However, there is no lower number of positive plaques that can be assessed as likely representing a false-positive result, as a single tumor-positive colony among 4,000 plaques (0.01% positive clones) was verified by stabbing in an earlier study (12) .
We did find some discordant results when both gDNA and cDNA were analyzed in that, of three margins that were positive with gDNA for case 1, only two were positive with cDNA and four of six were positive with both nucleic acids for case 7. However, all cases scored as having p53 mutation-positive mucosal or deep molecular margins with gDNA were confirmed as such after analysis of cDNA.
Five of the 16 cases had mucosal molecular margins that were scored as p53 mutation-positive, 7 had tumor-positive deep molecular margins, and 4 cases were positive at both sites. The percentage of p53 mutant clones ranged from 0.1 to 17 for the mucosal margins and from 0.1 to 6.75 for the deep. Six cases had a single p53 mutation-positive margin, and 10 had multiple positive margins, with 6 of this group being positive at all sites examined. Seven of these cases had morphologic evidence of dysplasia at the resection margins. However, only one case had dysplasia in the half of the molecular mucosal margin examined by the pathologist and no malignant cells were identified, highlighting that p53 mutations are often found in tumor adjacent tissue in the absence of morphologic changes. The key clinicopathologic characteristics of the cases examined with the molecular diagnostic and the details about margin status are summarized in Table 2 .
Relationship between clinicopathologic features and p53 mutation-positive molecular margins. We looked for evidence of a relationship between clinical (age, sex, tumor site and stage, and T or N classification) or histologic features (including tumor grade, type of margin, and nerve or vascular invasion) and p53 mutation-positive molecular margins but none was found. In addition, we considered the sites from which the molecular margins were excised, as previously we detected more residual malignant cells in molecular margins harvested from the tissues remaining at the posterior aspect of the surgical defect (10), but recurrences occurred at all sites in the present series. Relationships between molecular analysis of margins and local recurrence. We found that a very high number of cases with p53 mutation-positive molecular margins developed local (11 of 16, 69%) or locoregional recurrence (12 of 16, 75%). During the follow-up period, an adenocarcinoma was discovered in the femur for one case, but there were no second primary carcinomas in the head and neck, likely reflecting the application of stringent criteria for diagnosing second tumors (19) .
The effect of p53 mutation-positive molecular margins on local and locoregional recurrence was assessed by Kaplan-Meier estimates and log-rank tests. This analysis showed that there was an increased probability of developing local or locoregional recurrence for the group with mutation-positive molecular margins (P = 0.048 and 0.06, respectively). Overall, there was a 37% increase in local recurrence when the molecular margins were scored as p53 mutation positive (Fig. 1A) and a significant difference between the local recurrence rates when cases with molecular margins scored as clear or p53 mutationpositive at the mucosal or deep aspect, or at both sites, were compared (P = 0.009; Fig. 1B) . The difference was most significant when clear and tumor-positive deep margins were compared. A similar effect was found for p53 mutation-positive deep molecular margins and development of locoregional recurrence (P = 0.027; data not shown).
Examination of the present cohort did not find any relationship between a p53 mutation-positive molecular margin and close (<5 or <3 mm) or infiltrative margins as measured by light microscopy. However, our data highlight the extent of tumor spreading at the molecular level, as 7 of 16 cases with p53 mutations in the molecular margins had resection margins that were clear at z5 mm after morphologic examination. p53 mutation-positive mucosal molecular margins were also found when the clearance reported by the pathologist was 9 mm for the mucosal aspect and 11 mm for the deep.
Concordance between p53 mutation-positive molecular margins, development of recurrence, and the effect of radiotherapy. The finding of p53 mutation-positive molecular margins correctly identified 12 cases developing local or locoregional recurrence and 6 scored as tumor-negative that did not recur. However, 3 cases with p53 mutation-negative molecular margins developed recurrence and 5 p53 mutation-positive cases did not recur. The sensitivity, specificity, positive predictive value (the proportion of patients with a positive test result who develop recurrence), and negative predictive value (the proportion of patients with a positive test result who develop recurrence) are summarized in Table 3 . These data show that the current tissue sampling technique fails to detect all cases at risk of recurrence, although it is to be anticipated that the finding of p53 mutations will not necessarily translate into risk of recurrence, as some cells with mutant DNA will be eliminated by radiotherapy. Eleven of 16 cases with p53 mutation-positive molecular margins received postoperative radiotherapy but 8 developed locoregional recurrence, highlighting the fact that this treatment modality cannot be relied on to destroy any remaining malignant cells.
Relationship between clinicopathologic features and development of recurrence. A combination of factors is associated with adverse outcome, and we also looked for evidence of a relationship between clinicopathologic factors of the cases and development of local or locoregional recurrence. Nodal status (P = 0.002) and the presence of dysplasia at the resection margins (for 20 of 58 cases, P = 0.023) were significantly associated with development of local or locoregional recurrence. However, application of the molecular diagnostic identified cases without dysplasia at the resection or molecular margins (16 and 22 cases, respectively; Table 4 ) but with p53 mutation-positive molecular margins (9 and 14 cases) developing local recurrence, highlighting the additional prognostic information provided by the molecular test in the absence of morphologic changes at the margins examined.
Combining molecular and morphology information to improve prediction of recurrence. We identified cases with tumornegative margins that developed recurrence and looked for ways of combining molecular and morphologic information to improve the reliability of the p53-based molecular diagnostic to identify good prognosis patients. We found that when we considered information about tumor-free molecular margin status together with the clearance at the margins as measured by light microscopy, cases with clear molecular margins that were also tumor-free at z5 mm by light microscopy did not recur. This suggests that combining molecular and morphologic information may be useful when searching for ways of identifying the cohort of cases who may be cured by surgery and postoperative radiotherapy more precisely.
Discussion
It is now generally accepted that the tumor-node-metastasis system together with the pathologist's report outlining the pattern of tumor growth provides the most reliable information about prognosis that can be obtained by light microscopy. However, the challenge is to develop molecular markers that can provide more accurate predictions about the risk of recurrence and establish the most appropriate samples that should be tested in a routine diagnostic setting. In the present study, we found a high percentage of cases with histologically tumor-free resection margins, but p53 mutation-positive molecular margins developed local or locoregional recurrence and that analyzing deep margins was most useful in terms of predicting risk of recurrence.
Overall, we found that identical p53 mutations were present in the tumor and molecular margins for 16 of 25 cases adding to the literature showing that spread of carcinoma may be much greater than previously realized (9 -13) . A high number of cases with p53 mutation-positive molecular margins developed local (68%) or locoregional (75%) recurrence. The percentage of cases with p53 mutation-positive molecular margins developing recurrence is higher than previous reports, which indicated that local or locoregional recurrence developed in 18% to 50% of cases (9 -13). The high recurrence rate observed in the present study is not due to inclusion of more advanced cases, as the percentage of early (T 1 and T 2 , 26%) and advanced (T 3 and T 4 , 74%) tumors forwarded for molecular analysis is broadly similar to the stage distribution of unselected cases treated by the same authors (20) .
Assays for detection of residual cancer aim to analyze additional tissues from the mucosal and deep aspects of the defect after surgery. Previous reports have generally included many more mucosal margins as it is easier to remove additional tissues from the mucosal edges and there may be no inferior margins when the tumor and neck dissection are removed in continuity. However, tissues from the lateral aspects of the defect can readily be sampled. Although the finding of p53 mutations in a mucosal margin may not necessarily signify tumor, the presence of mutant p53 gDNA or cDNA in deep tissues must represent spread of carcinoma, providing that all appropriate steps have been taken to prevent transfer of malignant cells from the tumor to normal tissues (10, 12, 13) . We were able to analyze the effect of p53 mutation-positive mucosal and deep molecular margins on development of recurrence separately, as the margins sampled included equal numbers of mucosal and deep tissues. When the effect of p53 mutation-positive mucosal or deep molecular margins on development of local of locoregional recurrence was analyzed separately, we found that p53 mutation-positive deep molecular margins have the most adverse effect on outcome.
There has been considerable discussion in the literature about the concept of mucosal fields based on the accumulating evidence that the extent spread of altered cells is much greater than previously realized (21 -23) . These studies have established conclusively that large areas of the oral mucosa may harbor the genetic mutations associated with tumors and the concept of a ''field'' aptly describes the location of these aberrations throughout the superficial tissues. However, the rate of local recurrence associated with p53 mutations in mucosal margins is low (10, 12, 13) . Firm evidence that the epithelial cells with mutated p53 that are detected with the phage plaque assay give rise to second tumors is also lacking, although microsatellite analysis has shown that tumors and the surrounding tissues may harbor the same aberrations (24) .
We were surprised to find that only four of nine cases with the same p53 mutation in the tumor and the mucosal molecular margins developed recurrence. Several factors may contribute to this discrepancy. The presence of a p53 mutation in a mucosal margin may indicate that malignant cells remain in the field, but these aberrations are also associated with dysplasia and may be present in histologically normal, inflamed mucosa or epithelia showing other morphologic changes (10, 25, 26) , reducing the usefulness of these mutations for identifying rare malignant cells against a background of normal. It is to be anticipated that some cells harboring p53 mutations may be eliminated by radiotherapy. In addition, as the oral mucosa is frequently exposed to tobacco-derived carcinogens, it is likely that many p53 mutations will be in transient amplifying cells that will be lost on differentiation (27) . However, some p53 mutation-positive mucosal patches may contain slowly cycling stem cells that harbor these mutations such that their progeny may be responsible for the persistence of patches of keratinocytes harboring these mutations. Over time, these abnormal clones may acquire additional aberrations, leading to development of a focus of recurrent tumor that will by definition harbor the same p53 mutation.
The possibility that discordant results arise due to contamination of margins with DNA from dead tumor cells has also been suggested based on the finding that not all tumor-positive mucosal margins were confirmed as such when the test was repeated with cDNA (12) . In the present series, all test results yielding <0.1% positive clones were based on analysis of gDNA and cDNA, and we are confident that the low incidence of recurrence associated with a positive mucosal margin in the present series is not due to technical issues. The finding that all cases with p53 mutation-positive deep molecular margins developed local or locoregional recurrence reinforces this statement. However, the effect of radiotherapy and the likely existence of p53 gene mutations in epithelial cells with different proliferative potential means that establishing the sensitivity and specificity of any molecular test for detection of residual carcinoma provides only a guide to the utility of this approach. Nevertheless, a sensitivity of 70% for the p53 phage plaque assay provides a measure that can be considered as a ''gold standard'' against which the alternative methods that are in development (28, 29) can be assessed.
We found that the molecular analysis identified p53 mutation-positive molecular margins for cases with clear or close margins as defined by light microscopy. The current United Kingdom standard for establishing clear resection margins as part of the data set for histopathology reports is >5 mm (4) . In the present series, 7 of the 16 cases with p53 mutations in molecular margins, but resection margins that were tumor-free at z5 mm after morphologic examination, developed locoregional recurrence. These mutations were also found when the mucosal and deep margins were tumor-free at 9 and 11 mm, respectively.
It is well recognized that examination of resection margins by light microscopy provides only a guide to margin status, and our data support the view that even 5 mm clearance may not be sufficient if there is evidence of an infiltrative pattern of spread (5), manifested in the present study by molecular detection of p53 mutations in the molecular margins. The finding of p53 mutations in the absence of dysplasia also reinforces this view. Thus, although the accuracy of morphologic examination can be improved by examining deeper levels and additional sections when the resection margins are found to be close, molecular approaches offer an attractive method for screening for evidence of p53 gene mutations in tissues beyond the resection margins. In the present study, we did not find a significant relationship between an infiltrative pattern of growth and neural or vascular invasion and p53 mutation-positive molecular margins, but these characteristics were frequently associated with mutation-positive molecular margins.
The concept of microtumor deposits, as detected by light microscopy, is generally accepted and several reports have provided molecular evidence of extensive tumor spreading of head and neck carcinomas (10 -14, 19, 21, 22) . This is the first study to show that clonal p53 mutations in deep molecular margins have a very adverse effect on outcome. Thus, it seems timely to suggest that more emphasis is given to the concept of DNA-based detection of carcinoma in deep tissues. Previous reports based on light microscopy have shown that the deep margin is involved more than the mucosal (30) and have highlighted the importance of close deep resection margins. At present, it is not known whether malignant cells spread as single entities or as clusters or whether the rare p53 mutations detected in deep tissues are in carcinoma cells or those that have undergone epithelial-mesenchymal transition. Precancerous cells harboring p53 mutations may also migrate through the epithelia or be spread via the vasculature or lymphatics (19, 31, 32) .
Our findings suggest that it may also be advantageous to combine molecular and conventional morphologic information to identify cases with a good prognosis. We found that, when there was no molecular evidence of p53 mutations in mucosal or deep molecular margins, and when the resection margins were tumor-free at 5 mm by light microscopy, no case recurred and the utility of combining conventional and emerging molecular approaches can be tested in the next phase of the clinical study.
The significance of these results for patient management must also be considered. In the present series, most cases with p53 mutation-positive deep molecular margins treated by surgery and postoperative radiotherapy developed recurrence, suggesting that these tumors contain populations that are radioresistant. A larger study will be required to conclusively establish the effect of postoperative radiotherapy, but these data suggest that it may be better to wait for the result of molecular analysis before repairing a defect with a microvascular flap to avoid burying residual carcinoma. Alternative treatment regimens incorporating tumor-targeted agents, such as cetuximab, Iressa, and gefitinib, or antiangiogenic agents (33) are showing benefit when given with radiotherapy or as part of combination treatment regimens, and it is to be hoped that these advances will also provide a step forward in the management of head and neck cancer. 
